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Abstract It has been recently reported that L-DOPA and Cu(ll) 
in the presence of H202 leads to extensive DNA damage. In this 
paper we show that L-DOPA in the presence of Cu(ll) alone can 
cause DNA cleavage through the generation of reactive oxygen 
species such as the hydroxyl radical. Fluorescence quenching 
studies indicate that L-DOPA is capable of binding to DNA. 
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1. Introduction 
c-3,4-Dihydroxyphenylalanine (c-DOPA) is an important 
metabolite in various metabolic reactions. Dopamine, one of 
the catecholamines, i  formed by the decarboxylation of L- 
DOPA which in turn is formed by hydroxylation of tyrosine. 
Dopamine is a neurotransmitter in the central nervous ystem 
and accounts for 90% of the total catecholamines. It serves as 
a precursor of hormones, noradrenalin and adrenalin. The neu- 
rological disorder Parkinson's disease is associated with an 
underproduction f dopamine in the human brain [1]. c-DOPA 
has therefore been found to be an effective drug in the treat- 
ment of Parkinson's disease. Another important biochemical 
reaction for which c-DOPA serves as a metabolite is the synthe- 
sis of melanin [2]. Protein-bound 3,4-dihydroxyphenylalanine 
is a major reductant formed during hydroxyl radical damage 
to proteins [3]. 
Copper has been reported to be neurotoxic as evidenced by 
the brain pathology produced in patients with copper overload 
as a result of Wilson's disease [4]. Lipid peroxidation is pro- 
moted by copper ions [5,6] which also catalyses the formation 
of highly reactive hydroxyl (OH') radicals from hydrogen per- 
oxide [7]. Copper ions and H202 produce DNA damage; strand 
breaks [8] and chemical changes in purine and pyrimidine bases, 
especially conversion of guanine into 8-hydroxyguanine [9]. 
Recent work of Halliwell and co-workers [10] has shown that 
L-DOPA, dopamine and 3-O-methyl-DOPA cause extensive 
base modification in DNA in the presence of HzO 2 and traces 
of copper ions. These authors propose that copper ion release, 
in the presence of c-DOPA and its metabolites, may be an 
important mechanism of neurotoxicity, e.g. in Parkinson's dis- 
ease and amyotrophic lateral sclerosis (ALS). 
In this paper we describe experiments that show that c- 
DOPA in presence of Cu(II) alone is capable of causing strand 
breakage in DNA in vitro and that this breakage results from 
the generation of reactive oxygen species. We further show that 
c-DOPA is capable of binding to DNA. 
*Corresponding author. 
2. Materials and methods 
2. l. Materials 
Calf thymus DNA (sodium salt, average mol. wt. 1 x 106) and SL 
nuclease were from Sigma (St. Louis, MO). L-DOPA was obtained from 
Fluka AG, Switzerland. Supercoiled plasmid pBR322 DNA was pre- 
pared according to standard methods [11]. All other chemicals were of 
analytical grade. 
2.2. Reaction o/' L-DOPA with calf thymus DNA and digestion with Sz 
nuelease 
Reaction mixtures (0.5 ml) contained 10 mM Tris-HC1 (pH 7.5), 10 
mM NaCl, 500 gg of DNA and varying amounts of L-DOPA and cupric 
chloride. Free radical scavengers were included in some experiments. 
Incubation at room temperature was normally for 2 h. All solutions 
were sterilized before use. S~ nuclease digestion was performed as de- 
scribed previously [12]. Acid-soluble deoxyribonucleotides w re deter- 
mined either colourimetrically [13] or by determining the absorbance 
at 260 nm. 
2.3. Reaction of L-DOPA with plasmid pBR322 DNA 
Reaction mixtures (30 pl) contained 10 mM Tris-HC1 (pH 7.5), 
0.34 pg plasmid DNA and other components a above. Incubation at 
room temperature was for 1 h. After incubation, 10 gl of a solution 
containing 40 mM EDTA, 0.05% Bromophenol b ue tracking dye and 
50% (v/v) glycerol was added and the solution was subjected to electro- 
phoresis on 1% agarose gels. The gels were stained with ethidium 
bromide (0.5 mg/1), viewed and photographed on a transilluminator. 
2.4. Assay of hydroxyl radicals 
Hydroxyl radicals were assayed by incubating a solution containing 
2.0 mM salicylate and 15 mM potassium phosphate buffer, pH 8.0, 
L-DOPA, cupric chloride and other components in a total volume of 
2.0 ml for 2 h at room temperature. Salicylate was converted to hydrox- 
ylated products, which were extracted and determined colourimetri- 
cally [14]. 
3. Results 
3.1. Breakage of calf thymus" DNA and cleavage of plasmM 
DNA by L-DOPA and Cu(II) 
c-DOPA and Cu(II) generated St-sensitive sites in calf thy- 
mus DNA [12]. The reaction was assessed by recording the 
proportion of double-stranded DNA converted to acid-soluble 
nucleotides by S~ nuclease. Increasing concentrations of c- 
DOPA led to a progressive increase in the production of acid 
soluble material. The reaction was also dependent on Cu(II) 
concentration and the time dependency of the reaction was 
roughly linear up to 2 h (results not shown). Supercoiled 
pBR322 DNA was examined as a substrate as the relaxation 
of such a molecule is a sensitive test for just one nick per 
molecule, c-DOPA converted supercoiled DNA to relaxed 
open circles and linear forms in a copper-dependent reaction, 
and at higher concentrations the molecules were converted to 
progressively smaller heterogenous-sized fragments (Fig. 1A). 
Similar results were obtained with increasing Cu(II) concentra- 
tion. Of the several metal ions (Cu(II), Fe(II), Ni(II), Co(II), 
Mn(l l)  and Fe(III)) tested, only Cu(II) and to a lesser extent 
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Fig. 1. (A) Agarose gel electrophoretic pattern of ethidium bromide 
stained pBR322 DNA after treatment with L-DOPA and Cu(II). Lane 
a, DNA alone; lane b, DNA + Cu(II) (150 ¢tM). Lanes c h, 25, 50, 75, 
100, 150 and 200 ¢tM L-DOPA in the presence of 150 ,uM Cu(II). (B) 
Agarose gel elecrophoretic pattern of ethidium bromide stained 
pBR322 DNA after treatment with L-DOPA and transition metal ions 
using 20 ,uM L-DOPA and 20/IM metal ions solutions. Lane a, DNA 
alone; lane b, DNA + L-DOPA. Lanes c-h, Cu(II), Fe(II), Ni(II), 
Co(II), Mn(II) and Fe(III), respectively, in the presence of L-DOPA. 
Reaction mixtures were incubated at room temperature for 1 h. The 
positions of supercoiled (SC), linear (LIN) and open circular elaxed 
(OC) DNA are indicated. 
Fe(II) complemented L-DOPA in the DNA breakage reaction 
(Fig. 1B). 
3.2. Involvement of active oxygen species in the reaction 
The L-DOPA-Cu(II) DNA breakage reaction was inhibited 
by various radical scavengers (Table 1). Potassium iodide, so- 
dium benzoate, thiourea nd mannitol are scavengers of hy- 
droxyl radicals, sodium azide is a singlet oxygen scavenger, 
whereas uperoxide dismutase and catalase remove superoxide 
anion and hydrogen peroxide, respectively. Except for super- 
oxide dismutase and sodium azide, all the scavengers showed 
almost maximum inhibition, thereby indicating the essential 
role of hydrogen peroxide and hydroxyl radicals. 
3.3. Production of hydroxyl radicals" by L-DOPA 
We demonstrated that L-DOPA generates hydroxyl radicals 
in the presence of Cu(II) (Fig. 2). The assay involves incorpora- 
tion of salicylate as a reporter molecule [14]. In earlier eports 
we have shown that this assay genuinely measures hydroxyl 
radical production as the production is inhibited by thiourea, 
benzoate and mannitol [15]. 
3.4. L-DOPA-DNA interaction 
When a solution of L-DOPA is excited at 280 nm it exhibits 
a fluorescence emission spectrum with a maximum around 320 
nm [3]. The addition of DNA to L-DOPA causes a decrease in 
fluorescence emission, and a decreasing degree of fluorescence 
is seen with increasing concentrations of DNA. In the experi- 
ment shown in Fig. 3A, the emission spectra of L-DOPA are 
given using 8 ¢tM L-DOPA and mixtures with 40, 80, 160, 320, 
480, 640 and 800 ¢tM bp calf thymus DNA. The data were also 
analyzed by Scatchard analysis according to Levine [16] and a 
plot is shown in Fig. 3B. The plot shows a binding capacity of 
2.62 (mol of L-DOPA bound per tool ofDNA bp) and a binding 
affinity (Ka) of 2.64 × 103 l/mol was calculated. 
4. Discussion 
DNA damage by hydroxyl radicals is well established [17] 
and the present results indicate a similar mechanism of DNA 
cleavage by the L-DOPA-Cu(II) system. The hydroxyl radicals 
are possibly generated through the Fenton reaction which 
would use hydrogen peroxide and Cu(I) to produce the radical 
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Fig. 2. Formation of hydroxyl radicals as a function of L-DOPA con- 
centration. (e) L-DOPA in presence of l0/.tM Cu(II); (©) in the absence 
of Cu(II). The reaction mixtures were incubated for 2 h at room temper- 
ature. 
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Fig. 3. (A) Effect of calf thymus DNA on the fluorescence emission 
(excitation wavelength 280 nm) of L-DOPA. Trace 1 is the emission 
spectrum of L-DOPA alone (8 ,uM); traces 2-8 are in the presence of 
DNA at L-DOPA : DNA bp molar atio of 1 : 5, 1 : 10, 1 : 20, 1 : 40, 1 : 60, 
1:80 and 1 : 100, respectively; trace 9 is the emission spectrum of DNA 
alone. (B) Scatchard plot of the binding of L-DOPA to DNA. The plot 
was obtained by using the data of A according to Levine [16] where Q 
is the fractional quench and [B] represents he concentration of un- 
bound ligand. 
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Table 1 
Inhibition of S~ nuclease hydrolysis of DNA after treatment with 
L-DOPA (100 ¢tM) and Cu(II) (100/IM) in the presence ofscavengers 
Scavengers Inhibition of St nuclease 
hydrolysis (%) 
Catalase (100/lg/ml) 97.0 
Superoxide dismutase (100/lg/ml) 7.0 
Sodium azide (50 mM) 34.0 
Sodium benzoate (50 mM) 86.4 
Potassium iodide (50 mM) 90.0 
Thiourea (50 mM) 100.0 
Mannitol (50 raM) 80.5 
Concentration f scavengers shown are final reaction concentrations. 
and Cu(II). Thus, presumably Cu(II) is first reduced to Cu(I) 
in the reaction. There is considerable evidence that reactive 
oxygen species (ROS), such as the hydroxyl radical, may be 
important in mutagenesis and carcinogenesis [18,19]. ROS can 
be generated within cells by several metabolic processes uch 
as those involving redox enzymes and bioenergetic electron 
transfer. They may also be produced by many known chemical 
mutagens either alone or in association with some transition 
metal ions [20-22]. In addition, the mechanism of action of 
several anti-tumor antibiotics such as bleomycin and adriamy- 
cin [23,24] is considered to involve the generation of ROS. 
Several known antioxidants of plant origin such as flavonoids, 
generate ROS in the presence of transition metal ions such as 
copper, and lead to DNA cleavage [12,15,25]. A number of 
molecules present in human extracellular fluids are considered 
to have antioxidant function and these include ascorbic acid 
and uric acid. Production of hydroxyl radical and DNA dam- 
age by ascorbate and H20 2 in the presence of Cu(II) has been 
reported [26,27]. We have recently shown that uric acid in the 
presence of Cu(II) alone is capable of causing strand scission 
in DNA and that this reaction is associated with generation of
ROS [28]. We have therefore suggested that several of the 
biological antioxidants are themselves capable of generating 
ROS under appropriate conditions. In view of this and the fact 
that L-DOPA is produced from tyrosine by a copper-containing 
enzyme, namely tyrosine hydroxylase, and presents a possibility 
of copper chelation, we considered it of interest to explore the 
generation ofROS and DNA damage by a L-DOPA and Cu(II) 
system. In the light of recent work of Halliwell et al. [10] the 
present results further emphasize the putative role in vivo of 
L-DOPA and copper ions as a source of oxidative DNA dam- 
age. It is recognized by most workers that hydroxyl radical 
reactions with DNA are preceded by the association of a com- 
plex with DNA, followed by the production of hydroxyl radi- 
cals at that particular site [29]. As shown above, L-DOPA is 
capable of binding to DNA, and if copper ions are available a
ternary complex of L-DOPA-Cu(II)-DNA may be formed as in 
the case of several other ROS generating and DNA cleavage 
systems [12, 30]. Halliwell and co-workers [10] have shown that 
copper ion concentrations in human brain tissue damaged in 
Parkinson's disease are at a level that could promote oxidative 
DNA damage. 
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